Successful in situ biodegradation must depend on microbial catalysis as well as physical transport. While there has been much effort directed toward understanding vadose zone transport processes, our understanding of the microbial ecology of the indigenous catalysts limits our ability to manage biodegradation processes in soil. The environmental factors commonly listed as controlling in situ biodegradation are water, oxygen, redox potential, nutrients, pH, and temperature. Simplistic statements concerning the environmental determinants of in situ biodegradation may reflect a naive understanding of microbial ecology and may in fact direct management efforts in inappropriate directions. We discuss what we need to know about soil microbial ecology to elevate in situ biodegradation to a reliable and well-understood remediation option. We need to know the following: What controls the presence of the desired metabolic capability; the distribution of degrading communities relative to contaminant source; and what controls activities of relevant communities? S OIL QUALITY, in the context of pollution abatement, can be defined as the degree to which the physical, chemical, and biological attributes of the soil serve to attenuate environmental pollution. This definition occurs as a subset of the broader definition of soil quality that also encompasses biotic health and productivity (14). When assessing the distribution and longevity of pollutants in the environment, researchers have typically placed individual emphasis on physical transport, chemical equilibria, and biological reaction processes. Thus, research questions are typically framed and answered along disciplinary lines. In the natural world, physical and chemical phenomena are integrated to affect biological processes, which in turn feedback to alter or control the physical or chemical characteristics of the biological habitat. This integration is ecology, which, by definition, is "the totality or patterns of relations between organisms and their environment" (18). We propose that it is the ecology microorganisms that truly determines soil environmental quality. Further, how well we understand the ecology of biological catalysts in surface soils and subsurface materials will determine our ability to manage the biological catalysts for remediation purposes.
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OIL QUALITY, in the context of pollution abatement, can be defined as the degree to which the physical, chemical, and biological attributes of the soil serve to attenuate environmental pollution. This definition occurs as a subset of the broader definition of soil quality that also encompasses biotic health and productivity (14) . When assessing the distribution and longevity of pollutants in the environment, researchers have typically placed individual emphasis on physical transport, chemical equilibria, and biological reaction processes. Thus, research questions are typically framed and answered along disciplinary lines. In the natural world, physical and chemical phenomena are integrated to affect biological processes, which in turn feedback to alter or control the physical or chemical characteristics of the biological habitat. This integration is ecology, which, by definition, is "the totality or patterns of relations between organisms and their environment" (18). We propose that it is the ecology microorganisms that truly determines soil environmental quality. Further, how well we understand the ecology of biological catalysts in surface soils and subsurface materials will determine our ability to manage the biological catalysts for remediation purposes.
The "Magic Six" Sims et al. (39) summarizes the critical environmental factors controlling in situ biodegradation as: soil water, oxygen, redox potential, pH, nutrient status, and temperature. These factors are frequently cited as the set of keys that, once understood in the context of microbiology, will open the door for successfully and predictably engineering bioremediation. Unfortunately, our studies of these factors rarely occur outside of the laboratory and usually such studies isolate only one or two factors for intensive examination (11, 12, 21, 24, 45) . There are at least two potential ramifications of trying to understand in situ microbiological function within the context of lists like the magic six. First, even if we were able to generate a relationship between soil microbial function and each one of the listed factors for a given site and pollutant, it is unlikely that optimization of each factor would result in an overall optimization of bioremediation in the field. This outcome will be further affected by synergy among factors that cannot be predicted from the summation of their individual effects. Second, it is quite common that either biodegradation rates (5) or even simply the biodegradation phenomena observed in the laboratory as a function of controlled factors will not mimic in situ behavior. Either of these ramifications could be an artifact of soil sampling: by removing material for laboratory study, we effectively disrupt the very gas, moisture, and temperature regimes that have fostered microbial survival in soils and that may well be the optimum blend of conditions within which to manage bioremediation.
Lists like the magic six effectively deemphasize the microbial catalysts and their ecology-the primary drivers of pollutant attenuation in the environment. Statements such as "the natural conditions [for bioremediation] are less important for engineered than for intrinsic bioremediation" (44) imply that we can choose and impose a set of environmental conditions on soil microorganisms and expect to achieve successful bioremediation. Especially for engineered systems, if we can understand the function of critical microbial catalysts in their habitat, we will greatly improve the likelihood that our management strategies will enhance the biodegradation process. The objectives of this work are to (i) recognize the central role of microbial ecology to bioremediation, (ii) identifiy the key questions that address microbial catalyst function in bioremediation, and (iii) propose an alternative bioremediation research framework that effectively and, necessarily, deemphasizes discliplinary lines.
The Microbial Ecology Emphasis
Bioremediation research must focus on the microbial populations that are critical to the transformations of interest, and not on discrete external environmental factors that do not reflect in situ function when studied in the laboratory. A prerequisite to understanding the microbial catalysts and their ecology is asking the appropriate questions. We propose three: We suggest that considering these questions can help to establish a bioremediation research framework that is adequately directed toward the agents of pollutant attenuation-the microbes themselves.
WHAT CONTROLS THE CATALYTIC CAPABILITY?

Natural Analogs Control the Presence
The enzymatic capacity of soil microbial communities for catalyzing pollutant transformations is extensive and diverse. This enzymatic capacity to transform organic pollutants has evolved because of selective pressures imposed by naturally occurring compounds (10). Photosynthetic primary productivity is the origin for virtually all organic compounds on earth, with plant material as the first link in the temporal and metamorphic sequence followed by humic substances and finally fossil fuels.
Many plant-derived organic compounds are structurally similar to or sometimes identical to specific pollutants. These are called natural analogs. For example, plant terpenoids are ubiquitous in the terrestrial biosphere. Some terpenoids mimic what we see in refined and unrefined petroleum: substituted and unsubstituted monomers and polymers of resonant and nonresonant carbon rings (34). Limonene, shown in Fig. 1 , is common terpene associated with ponderosa pine (Pinus ponderosa Dougl. ex P. & C. Lawson). The structure of limonene is similar to p-xylene, a significant constituent of gasoline. Where limonene-like molecules are routinely input to the soil system, one could hypothesize that the capacity for xylene metabolism may already exist.
For more than 20 yr, researchers in biodegradation have known that the genes for many biodegradative pathways were plasmid-encoded in common soil bacteria (7). The CAM plasmid, one of the first bacterial plasmids identified and characterized, encodes the d.egradative pathway for camphor, a compound of plant origin. The biodegradation of the terpene linalool has been shown to be plasmid-associated in strains of Pseudomonas (13, 43) . The genes that encode biodegradative pathways for naturally occurring analogs, such as camphor and linalool, may be the evolutionary precursors to pollutantspecific plasmids such as TOL (xylene and toluene), NAH (naphthalene), and OCT (octane). Genetic evolutionary relatedness between naturally occurring pathways and pathways specific to pollutants is implied by the nonspecificity of some enzymes. For example, Kulisch and Vilker (27) showed that low concentrations of naphthalene were removed from solution by the cytochrome p-450cam monooxygenase enzyme in camphor-induced Pseudomonas putida PpG 786 resting cells. The reaction is a direct example of how the presence of a naturally occurring pathway could be precursory to a pollutant pathway.
There are many examples of the versatility of wellstudied biodegradative plasmids. For example, naphthalene degradation by Pseudomonas strains proceeds via the naturally occurring NAH plasmid-encoded pathways and the NAH genes have recently been shown to be involved in transformations of phenanthrene and anthracene (36). The TOL plasmid, primarily known for its function in toluene and xylene biodegradation, also facilitates metabolism of 3-ethyltoluene and pseudocumene (1,2,4-trimethylbenzene) (28). The OCT plasmid, which encodes the pathway for octane degradation, has been shown to have a role in ethylbenzene degradation for Pseudomonas putida cells harboring either the OCT plasmid alone or both the OCT and CAM plasmids (15). Thus, the genetic basis for most biodegradation pathways originates from the genes that encode decomposition processes for plant-derived materials and the structural variety of plant-derived organic compounds has ensured a degree of versatility in biodegradative pathways. The occurrence of natural analogs and thus biodegradative pathways is not limited to petroleum hydrocarbons. Halogenated organics, once thought to be strictly xenobiotic, are now known to occur as the products of natural processes (19). Gribble (19) cites numerous examples of naturally occurring halogenated terpenes, amino acids, steroids, fatty acids, indoles, alicyclics, aromatics, and phenols that can be found worldwide. In soil, 2,4-dichlorophenol, a degradation intermediate of 2,4-D, is produced by the fungus Penicillium (40), presumably as an antibacterial agent. Brominated and chlorinated antibiotics are also produced by soil bacteria and actinomycetes (19). Gribble (19) cites numerous studies prove the extensive generation of halogenated organics by a wide variety of marine organisms. Like hydrocarbons, the natural occurrence of halogenated organics in soil systems is a mechanism for preexposure and perhaps the origin of biodegradative pathways for chlorinated pollutants by soil bacteria.
Analog Pollutant
Natural Analogs Can Affect Expression
If naturally occurring analogs are present in the environment, they will likely affect the expression of the enzymatic pathways in pollutant biodegradation. The effects of analogs on pathway expression could be either stimulatory or inhibitory. For example, Heruandez et al. (23) showed that the addition of either orange peels, ivy leaves, pine needles, or eucalyptus leaves enhanced the cometabolic removal of Aroclor 1242 (mixture of chlorinated biphenyls) from soil. Further, they showed that: (i) biphenyl-degrading bacteria were more numerous in the amended soils; (ii) the biphenyl-degrading bacteria that were subsequently isolated from the treated soils could also use terpenes for growth; and (iii) whole genomic DNA of each bacterial isolate hybridized to a bphA gene (biphenyl-specific) probe. The plant material added contained terpenoids including limonene, abietic acid, pinene, and cymene. Thus, it was shown that through the addition of terpene-containing amendments, the aerobic biodegradation of chlorinated biphenyls was stimulated (23).
When the biodegradation of a pollutant yields catabolic energy to the organism, analogs may increase the size of biodegrading populations; however, the analog may also act as a preferential substrate. Schmidt et al. (37) found that the addition of glucose to cultures of p-nitrophenol metabolizing Pseudomonas sp. enhanced the kinetics of p-nitrophenol mineralization due to increased growth; however, addition of phenol inhibited p-nitrophenol mineralization for the Pseudomonas sp. that was stimulated to grow by the addition of glucose. In studies with aquifer material, Swindoll et al. (41) showed that addition of either glucose or mixed amino acids inhibited the mineralization of p-nitrophenol compared with controls.
If the transformation of the pollutant does not yield energy to the organism, it is commonly termed cometabolic. The cometabolic transformation of chlorinated alkanes in aquifer systems has been successfully stimulated by adding various primary (energy-yielding) substrates, e.g., methane for trichloroethylene (TCE) (22, 35) acetate for carbon tetrachloride (38). For methanotrophic oxidation of TCE, however, methane is required as a C source, but high methane concentrations have been shown to inhibit the transformation of TCE (35). Thus, for cometabolic transformations, provision of a primary C source may be necessary, but the biodegradation response may depend on the relative availability of primary C substrate and cometabolite.
Manipulation of natural analogs provides a potentially useful approach to managing or enhancing biodegradation capacity in soil. However, the multiple roles that the natural analog can play (catabolite, cometabolite, inducer, competitive inhibitor) must be quantitatively understood for each contaminant and ecosystem under study.
WHAT IS THE DISTRIBUTION OF DEGRADING POPULATIONS?
Macroscale: The Proximities of Pollutants and Microbes
The locations of pollutants in the environment follow general patterns according to pollutant type. As shown in Fig. 2 , pesticide pollution typically originates at the soil surface, but can leach through the subsurface and migrate into groundwater. Leaking underground storage tanks place gasoline and diesel in vadose soils and on the water table as nonaqueous phase liquids (NAPLs). These compounds are also present as volatiles and dissolved organics in pore water. Halogenated organics, depending on the spill location, may exist as NAPLs in the vadose zone or, if they encounter the water table, will sink in groundwater due to their high specific gravities. Given that types of waste generate typical distribution patterns, it seems that we must be asking what the importance is of waste distribution relative to biodegrading communities and whether or not we can improve proximities. For volatile wastes, either microbial communities will grow extensively at the optimum intersection of diffusing substrates as depicted in Fig. 3 , or engineered systems can be used to enhance the rate of pollutant distribution (39). The aquatic analogy to Fig.  3 is that of methylotrophs in seasonal lakes where maximum methane oxidation is concurrent with rapidly changing concentrations of methane and oxygen (20) .
For nonvolatile wastes in the vadose zone, waste mobility is low, and issues of microbe mobility are important. Most evidence indicates that in soil systems microbial motility is low (16). Movement with water flow through channels created by roots or soil animals is considered the major mechanism for microbe movement in surface soils, followed by cotransport with fungal hyphae growth and transport in the guts of predators (16). In subsurface materials, the biologically based mechanisms for bacterial movement may be less active, suggesting that movement with water flow must be the operating mechanism at depth. Understanding the role of bacterial movement in overcoming issues of waste proximity is certainly one aspect of the ecology of bioremediation that must receive further study.
Mesoscale: Rhizosphere Realities
Surface soils and subsurface materials are physically continuous, yet distinct in their biological and chemical characteristics. Below the zone of plant roots, soils are generally less-enriched in microorganisms, naturally occurring organic matter, and nutrients relative to surface soils (Table 1) . The macroscale comparisons provided in Table 1 imply that the likelihood of encountering populations of biodegrading bacteria is greater in near surface soils. Yet at the mesoscale, differences also exist within near surface soils. Soils under the influence of plant roots, termed rhizosphere, are generally enriched in sugars, amino acids, microorganisms, and potentially, naturally occurring analogs compared with nonrhizosphere soils (Fig. 4) . Based on these characteristics, it is probably not surprising that, for many types of pollutants, biodegradation rates within the rhizosphere are enhanced relative to nonrhizosphere (1, 3) .
The rhizosphere is, in many ways, enriched relative to bulk soils. The reality of rhizosphere and nonrhizosphere soils is that, relative to subsurface materials, microbial numbers (Table 1 ) are higher and, most likely, functional diversity is greater. Also, contaminant biodegradation may be enhanced in the rhizosphere due to the enhanced impact of naturally occurring analogs. We may therefore ask: How can we actually use this enriched region of the soil to enhance pollutant remediation? For volatile compounds that readily move through gas-filled soil pores, like gasoline constituents, near-surface soils may act as in situ biological filters that effectively reduce atmospheric pollutant release. Current field practices in gasoline bioremediation place an emphasis on wholeprofile advection and biodegradation (39). While the whole-profile focus may be necessary for mobilizing volatile pollutants, it seems that managing microbes in the near surface and rhizosphere soils to intercept volatilized pollutants may be practical and more cost-effective. Where nonvolatile pollutants are concentrated in the rhizosphere or where volatile pollutants may emerge from the subsurface, plants could be strategically grown and plantings could be managed to provide concentrated zones of microbial activity.
Microscale: Does the Distribution and Geometry of Growth Matter?
While the macro-and mesoscale distributions of microbes indicate the average abundance of microorganisms over volumes of soil, it is the patterns of distribution at the scale of the microbe, or the microscale, that will control the microbe-pollutant encounter necessary for biodegradation. For example, consider the two scenarios presented in Fig. 5 . In Part A, microbes are depicted as single cells that are evenly distributed throughout a soil volume. In Part B, the same numbers of cells are present, but exist in colonies of 1000 cells each. From these simplistic scenarios, it is clear that the frequency of pollutant molecule encounter by soil microbes is a function of cell distribution pattern. Figure 5 is an idealized model for considering the importance of bacterial distribution to biodegradation. In reality, soil bacteria with specific biodegradative capacities may be concentrated in soil pores (33) or bacteria may generally be more abundant in regions of preferential flow (26). A classic example of the unevenness of microbial function is that of denitrification in soils: Parkin (31) showed that for an agricultural surface soil, between 25 and 85% of the observed denitrification capacity existed within 0.08 to 0.04% (by mass) of an approximately 100-g soil sample. In this study, denitrification hot spots were correlated with pockets of organic matter. Although the distribution of denitrifying populations was not measured, the simple observation that microbial function is spatially extremely uneven and that it occurs where microbes and substrate co-occur is an important reality for biodegradation as well.
In addition to where soil bacteria are localized (i.e, in or out of soil pores), the description of microscale distribution considers the geometry of growth, as indicated in the examples of Fig. 5 . The possibilities for bacterial growth habits in soil range from single cells to microcolonies to biofilms. One may ask: Does it really matter which of these growth forms occurs? Whether or not the geometry of the bacterial growth habit is important may depend on the scale over which the model operates. To macroscale fate and transport modelers, the growth habit of microbes may not influence the outcome of model predictions (6). However, to researchers who model and study processes that occur over the scale of the microorganism (such as diffusion-reaction models), the assumed geometry must influence model formulation and outcome (24, 25).
As a footnote, the concept of biofilms in soil is practically unused within the soil science research community. One reason for this omission may be that the concept of biofilms is most commonly associated with biological wastewater treatment. Another reason may be that biofilm growth in wastewater treatment systems is considered continuous and not patchy like microbial growth in soils. However, by definition, biofilms are neither continuous nor necessarily submerged (8). Bacteria soil are embedded in a hydrated matrix of microbially produced extracellular polymeric substances (EPS) (9). The dimensions of planar growth, i.e., in the x and y directions (Fig. 5) , may well exceed the depth (z in Fig.  5 ) dimension; thus the biofilm model effectively describes the growth habit for soil microbes generally. The biochemical and environmental engineering literature provides useful models for considering diffusion and reaction within biofilms. The availability of these models to the realm of soil microbiology is one of the practical outcomes of applying the concept of bacterial biofilms in soils (24).
WHAT CONTROLS THE ACTIVITIES OF RELEVANT COMMUNITIES?
Microbial communities that are relevant in the context of soil clean-up are the ones that will catalyze the transformations of interest. In the context of understanding the ecology of bioremediation, the taxonomic classification of species within the communities is less important; rather it is the factors that foster the expression of the catalytic capacity that are of primary interest. We must then ask: What is the importance of the magic six? A first step toward understanding what controls community activities is to recognize that the existing in situ gas, moisture, and temperature regimes are what have resulted in the presence and the sustenance of the existing microbial community. A second step is to recognize the common assumptions that are made with regard to each of these environmental factors.
The importance of in situ conditions must be examined for surface soils and subsurface materials. In surface soils, fluctuations in temperature, moisture, pH, oxygen concentrations, and redox status normally occur in diurnal and seasonal cycles. For surface soils, these natural fluctuations in the magic six select for microbial communities that are adapted to a wide range of conditions. Determining the optimum set for one biodegradative function in surface soils may not only be futile, but also unnecessary. In subsurface materials, environmental conditions are more stable as these materials are insulated from the atmosphere by overlaying soils. Besides stability, subsurface materials may have inherently different humidity, temperature, and oxygen regimes compared with surface soils (24). Unless recently transported from other environments, indigenous microorganisms should be adapted to in situ gas regimes and may depend on the maintenance of those regimes to perform relevant biodegradative functions.
A better approach to understanding the activities of relevant communities is to eliminate existing biases concerning external environmental controllers. For example, a current dogma is that b.iodegradation in a polluted vadose zone is primarily aerobic and that biodegradation processes are limited by the resupply of atmospheric oxygen. The assumption that more oxygen is better will not hold if the primary catalysts are microaerophilic (24). Similarly, the routine assumption that inorganic nutrients limit in situ biodegradation is not supported by data that show nutrient addition provides either limited benefits (41) or inhibitory effects (30) to biodegradation. If the in situ temperature for soils is 22°C and we set the temperature in laboratory experiments with those soils to 27°C, it does not follow that either (i) will increase the rates of relevant microbial processes according to Arrhenius (32), or (ii) what we will learn through the experimentation will reveal in situ function. Frequently we assume that neutral pH is preferable for natural microbial function, but it is as equally likely that a particular microbe biodegrading a pollutant of interest would do so best at a pH other than 7. Moister soils may not be better for biodegradation and, in fact, intermediate moisture potentials may be optimum for diffusion and reaction of volatile hydrocarbons and for growth of hydrocarbon-biodegrading microbes (24).
Understanding the microbial ecology of the subsurface in the context of static environmental factors may have some merit to improving our understanding of subsurface biodegradation. Nonetheless, we must consider what we actually gain by performing laboratory studies that seek to elucidate optima for individual environmental factors. Strictly focusing our biodegradation research questions on one or two environmental factors will, more than likely, narrowly provide the laboratory-derived relationship between biodegradation and those one or two factors. When we sample subsurface or surface material, that material is typically, and almost immediately, exposed to ambient above-ground gas, humidity, temperature, and light regimes. Further, microbiological experiments with sampled soil are typically conducted under carefully controlled laboratory conditions that do not mimic the suite of regimes operative belowground. When exposing the material to a new environment, whether during sampiing or during experimentation, we may very well, by default, be studying the activities of microbes that proliferate under those synthetic conditions but that are not critical to in situ biodegradative function. For the purposes of laboratory experimentation, what we can do is to: (i) optimize our sampling procedures to maintain indigenous conditions; (ii) seek to conduct experimentation, whether in the lab or in the field, in ways that closely mimic in situ sample environments; and (iii) extend our research focus beyond individual environmental factors and into the sum or interactions of those factors, which defines the microbial habitat. Measuring and working within the existing in situ conditions may recruit the complete community into the bioremediation process. Further, maintenance of these conditions in laboratory experiments will increase the likelihood that ex situ observations are truly indicative of actual in situ relationships.
A New Model for Bioremediation Research
Bioremediation research has traditionally been guided by the tripartite model of Fig. 6 . In this model, studies of bacterial physiology, mass transfer, and environmental factors occupy three distinct domains. The scope of many bioremediation research programs falls within either one, or sometimes two, of these domains. The research system, defined is this way, is neat and compact; but does The BiodegradationS this orientation lead us to pose research questions that, when answered, can truly improve our effectiveness in managing field-level bioremediation efforts? At a recent bioremediation conference sponsored by the USEPA (42), a common theme emerged from the many presentations: that laboratory studies in bioremediation often fail to produce results that are consistent with field-level observations, even when the study material (i.e., soil or groundwater) originates from the field site of interest. The studies that produced such results, as with most bioremediation studies, were likely conceptualized according to the research in Fig. 6 . One must therefore ask, is there a relationship between the research framework of Fig. 6 and our current inability to gain broad insight into field-level bioremediation processes through laboratory experimentation? A critical examination of the system defined in Fig. 6 could incite new ideas for other, possibly improved, research systems; the ultimate objective in rethinking our research framework would be to improve the predictive and management techniques used in fieldlevel bioremediation efforts. The researchers who enter the two research domains of bacterial physiology and mass transfer, as defined in Fig. 6 , typically represent the disciplines of microbiology and engineering, respectively. There is a less obvious disciplinary alignment with the environmental factors research domain; however, it might be appropriately assigned to soil scientists generally. What is most interesting about the disciplinary alignment within the bacterial physiology and mass transfer domains is that, although the information from both perspectives is inherently important to bioremediation research, the perspectives are often kept segregated by the researchers who have them and this may serve to obscure the important intersections of these domains. In a recent report regarding bioremediation by the National Research Council (44), the physicochemical and mass transfer characteristics of the subsurface are frequently cited as the critical areas in which bioremediation research should be focused. That the engineering and microbiology disciplines are to be treated as practically disparate entities with regard to bioremediation is reinforced throughout the text, but is most evident in the "Background Papers" section of this book. In this latter section, two successive chapters, one written by a microbial ecologist and the other by an engineer, offer completely opposing viewpoints: the former suggests that the focus of bioremediation research should be away from the pollutant and the latter suggests that the focus should be squarely on the pollutant.
Bioremediation requires microbial catalysts. However, as indicated by the arrows in Fig. 6 , the effectiveness of microbes as catalysts is intrinsically related to factors such as the availability of substrate and the habitat quality. Thus, what seem to be separate domains in bioremediation research are likely to be a complex set of linked factors that have little distinction from one another in terms of governing bioremediation in the environment. The whole system of Fig. 6 is an ecological system, and the understanding of the system as a whole requires a perspective that serves to unify the separate domains. The word ecology is derived from the Greek language where the literal translation of the word is "law of the household" (4). In terms of microorganisms the environment, the househoM is governed in concert by all of the factors indicated in Fig. 6 .
A parallel to the study of bioremediation, in terms of establishing the role for microbial ecology, is the study of decomposition of organic matter in the environment. The variables listed in Fig. 6 as common determinants of pollutant biodegradation in the environment are also operative in organic matter decomposition (2). A direct link between the two processes of biodegradation and organic matter decomposition is evident where the two processes co-occur in soils (29). The scales over which organic matter decomposition occurs (2) are also the scales over which pollutant biodegradation occur. These scales, from largest to smallest are: the ecosystem, the microbial population, the microniche, and the molecular level. In bioremediation systems, the ecosystem scale would be represented by the geologic region of contamination; the population scale would encompass the collection of microbes that interactively mediate waste transformation; the microniche scale would be defined as the localized environment or habitat of the microbes that have the enzymatic capability for contaminant transformation; the molecular level would be the level at which those microbial biochemical processes that are driven by enzymology and substrate supply are operative. When these scales are considered as a way of conceptualizing bioremediation research areas, the model in Fig. 7 results. In Fig. 7 , the domains of bioremediation research are subsets of the larger scale domains, and all domains are subsets of the umbrella, or ecosystem domain.
The graphical representation in Fig. 7 conveys an important concept: that all processes that happen at one scale are operative in the next larger scale, but that the degree to which individual factors are controlling at a localized scale may or may not be recognizable at the largest scale. For example, the localized pH at the scale of a single microorganism may in part determine chemical speciation of important nutrients and biochemical organismal function. However, how the single microbe responds to pH may not influence the success of bioremediation at the ecosystem scale at all, unless the organism is both a successful competitor in the microbial community and is an important constituent of the active catalytic pool.
In comparing Fig. 6 and 7, it seems that each domain operates over a range of scales. For example, within the mass transfer domain, the bulk transport of substrate through unsaturated soil pores is a topic of study relevant at the ecosystem scale. Yet the issues of spatial proximity to microbes and substrate toxicity are best considered at the scale of the microorganism. In another domain, if environmental factors such as pH and redox conditions are studied at the ecosystem scale, the results of such studies may be too spatially averaged to be meaningful at the scale of the microniche of biodegrading organisms. In Fig. 7 , various factors related to mass transfer, the physicochemical environment and microbial physiology are operative at various scales. The specific factors, not the academic disciplines that claim them, are studied at their associated scale to reveal ecologically important relationships to bioremediation.
A revised model for conducting bioremediation research could be based on the diagram in Fig. 7 . This model provides a conceptual framework for formulating the following general questions in bioremediation for which the answers are site-specific:
1. Does the system contain the metabolic capability for pollutant transformation; can the capability be enhanced? 2. Who are the relevant catalysts and where are they? 3. What are the critical controllers that define the success of the biodegradation process? We recommend the following research strategies, based in the study of microbial ecology, for assessing the capacity for bioremediation and generating a site-specific management regime for soil cleanup:
• Assess the capacity for biodegradation of a pollutant or pollutant mixture at the ecosystem level; design sampling and handling procedures to preserve in situ conditions; assess the spatial pattern or patchiness of degradation capabilities.
• Define the relevant microbial populations that will contribute most extensively to the biodegradation of the waste of interest and consider the role of natural analogs in the origin and amplification of degradation capabilities.
• Define the microniche of these populations; i.e., the growth form, the gas regime, the water regime, the nutrient regimes, and the temperature regimes that have been conducive to the survival of these populations and that will allow the survival and proliferation of these populations when the pollutant(s) of concern are provided as either a cometabolite or primary carbon source.
• Study the molecular factors that determine microbial biodegradation function within the population. These factors will broadly include all biophysiological requirements and responses and will specifically include oxidation-reduction couples, requirements for cofactors, and inhibition by toxicity or preferential substrates.
SUMMARY
Microbes can be effective in the cleanup of polluted sediments and soils. Overall, how effective soil microbes can be to bioremediation efforts will depend on how far we can develop our understanding of the catalysts and their ecology and how well we can integrate this understanding into the management framework. We propose that identifiying the origin of the catalytic capacity for pollutant transformation, identifying the relevant catalysts and their distribution, and identifying the critical controllers of biodegradation will foster our overall understanding of what really drives bioremediation: microbial catalysts and their ecology. Further, we propose that the model we need to further our current understanding of bioremediation asks questions based in an appropriate physical scale and integrates the component disciplinary domains. Working within this research framework will provide the information we need to advance overall confidence in bioremediation as a viable approach to soil clean-up.
